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INTRODUCTION
Clinically apparent distant metastasis is the cause of most deaths in patients with primary cutaneous melanoma and melanoma has a propensity for lymph node metastasis (1, 2) . Both the currently available staging system (3) and identified prognostic factors are limited in their ability to discriminate reliably between melanoma patients in clinical Stages I-II (and Stage III with "microscopic lymph node involvement") who will manifest subsequent disease recurrence and death and those who will remain disease free. Therefore, it is important to develop prognostic biomarkers to identify, on the one hand, high-risk patients who are candidates for clinical trials of more aggressive staging, treatment and follow up and, on the other, low risk patients who can avoid more invasive procedures and who can be followed more infrequently.
Lymphangiogenesis and lymphatic invasion (LI, defined as melanoma cells in lymphatic vessels) have been under increasing investigation in the lesions of primary melanoma because of the recent availability of antibodies specific for lymphatic endothelial cells (4, 5) . It has been shown that patients whose primary lesions had high densities of lymphatic vessels had shorter disease-free and overall survival rates (5,6). We and others have demonstrated that LI detected by immunohistochemistry (IHC) in primary melanomas is common, ranging from 16% to 47% (7) (8) (9) , whereas blood vascular invasion is uncommon, ranging from 1-3% (7, 8) . We recently presented evidence of lymphangiogenesis in areas with regression in the radial growth phase adjacent to VGP lesions, and LI appeared in part to explain the association of regression with poorer prognosis (10) . LI's association with the status of regional nodes or with distant metastasis remains controversial (7, (11) (12) (13) . The contradictory findings are likely due to the small sample sizes and short follow up that characterize these studies. Nevertheless, these results suggest that evidence of lymphangiogenesis and of LI in the primary lesion underlie melanoma's propensity for lymph node metastasis and indicate that the prognostic value of LI needs to be more fully examined.
In the present Phase II biomarker study, we examined the prognostic role of LI using double immunostaining for the melanocytic marker S-100 and the lymphatic vessel marker podoplanin in a large cohort of patients with long follow up (10-35 years) who were diagnosed and treated prior to the routine use of sentinel lymph node (SLN) biopsies for staging. We addressed the following four hypotheses: 1) LI is associated with metastasis; 2) LI is an independent prognostic factor for metastasis after adjustment for commonly ascertained prognostic factors; 3) A prognostic tree would identify subgroups of patients defined by LI that are at high risk for metastasis; and 4) Groups of patients with LI would have significantly higher metastasis rates within each of the AJCC stages for patients without evident regional node enlargement.
MATERIALS AND METHODS

Study patients and design
The 287 patients eligible for this nested, retrospective study of a prospective cohort had VGP primary melanomas and no regional nodal procedure or apparent metastases at the time of definitive treatment between 1972 and 1991 at the University of Pennsylvania's Pigmented Lesion Clinic. They had at least ten years of protocol-driven, prospective follow-up and had paraffin blocks available for IHC staining. Thirty-six patients were excluded because their tissue sections lacked VGP or for other technical reasons related to IHC, resulting in a study cohort of 251 patients. The protocol was approved by Institutional Review Board at University of Pennsylvania.
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IHC Staining
We detailed our methodology for detecting LI in our Phase I feasibility study that used a separate and smaller set of patients (8) . Briefly, antibody to lymphatic endothelium was visualized with the brown chromogen DAB (3,3' diaminobenzidine, DakoCytomation, Carpinteria, CA) and antibodies to melanoma cells with the red chromogen Nova Red (Vector Laboratories, Burlingame, CA). The D2-40 antibody (mouse monoclonal, 1:25 dilution, Signet Laboratories, Dedham, MA) that specifically detects a fixation resistant epitope on podoplanin was used to decorate lymphatic endothelium. Melanoma cells were identified using S-100 antibody (rabbit polyclonal, 1:50, DakoCytomation). IHC assays were done on 5 µm-thick formalin-fixed, paraffin-embedded tissue sections and staining was done on a DakoCytomation Autostainer using the EnVision+ HRP DAB system (DakoCytomation) according to manufacturer's recommendations.
Pathology Definitions
All original H&E slides were read at the time of definitive treatment by pathologists 
MSI Analysis
Slides were examined using a Leica DMRA2 microscope (Leica Microsystems Inc., Bannockburn, IL) equipped with planapochromatic lenses (8) . Potential foci of LI were imaged at 200x through a liquid crystal filter using the Nuance Multispectral Imaging System (Cambridge Research and Instrumentation Inc., Woburn, MA). Spectral data were acquired from 420-720 nm and spectral unmixing was accomplished by Nuance software v1.42 and pure spectral libraries of individual chromogens (slides stained with only DAB, Nova red or hematoxylin). Nonspecific background staining was subtracted from each image individually. To visualize several spectral markers simultaneously, images were then evaluated using unmixed images generated by the Nuance system.
Clinical Definitions
All patients in this study were followed per protocol for 10-35 years. The primary, binary, clinical endpoint for this study was "first metastasis" within ten years of definitive treatment wherein metastasis was defined to be metastasis to regional soft tissue (including lymph nodes), disseminated disease or, if there was no information on preceding metastases, melanoma-specific death. In the survival analyses time to first metastasis was defined as the time from definitive surgery to the first metastasis, as defined above. Seventy-two patients had events within ten-years of definitive therapy: regional skin (n=8), regional lymph nodes (n=35), disseminated disease (n=28) or melanoma-specific death (n=1). Patients were censored when they died from causes unrelated to melanoma or were alive at the time of last follow up. The median follow-up time for those alive at last follow up was 20.3 years (n=171, range was 10.1 to 34.6 years). The median time to first metastasis was 2.42 years (n=80). The definitions for AJCC sub-stages were based on the definitions for clinical staging of the revised version of the melanoma AJCC staging system (2), since only clinical information about the status of the regional lymph nodes was known for this cohort that pre-dated the use of SLN biopsies and did not include patients who underwent prophylactic regional node dissections.
Statistical analysis
The cohort of 287 study-eligible patients was a second random sample from 430 patients with available paraffin blocks from a consecutive cohort of 1128 patients treated between 1972 and 1991. The first random sample of 143 patients (106 had analyzable tissue sections) were included in our published feasibility study (8) . In that study ten-year metastasis rates were 46% and 28% for patients with and without LI. These estimates were used to evaluate the power of the chi-square test (alpha=0.05, two-sided) for this Phase II study. With samples sizes of 100 and 200 in the two groups, respectively, this statistical test was determined to have a power of 84%.
Chi-squared tests were used to evaluate differences between the study cohort (n=251) and those excluded (n=36). Univariate and multivariate logistic regression analyses were used to estimate unadjusted and adjusted odds ratios (OR) for ten-year metastasis and their standard errors. Thickness and MR were used as continuous variables in the univariate and multivariate logistic regression models. The Hosmer-Lemeshow statistic was used to assess lack-of-fit. The reduced model was obtained by stepwise elimination of non-significant factors from the full logistic regression model that included 7 factors using the likelihood ratio test. The accuracy of the predicted values was assessed with the area under the receiver operating curve (ROC). The prognostic tree was produced using recursive partitioning that selected optimal variables and associated cut-points producing two patient groups minimizing misclassification at each stage (15) . Here, thickness and MR were categorized as described in "Clinical Definitions" (above).
Ten-fold cross validation was used to select the final tree. Kaplan-Meier (KM) survival curves were computed from which ten-year metastasis rates were derived and the log-rank statistic was used to evaluate differences between final subgroups.
RESULTS
Clinical and tumor characteristics for the 251 patients included in this study are presented in Table 1 . The characteristics of the study patients were not significantly different from the source cohort of 1128 patients seen at the Pigmented Lesion Clinic (1972-1991) with the exception of MR (the proportion of study patients with a MR <1 was 35% compared to 39% for non-study patients). The 36 eligible patients excluded from analysis because of insufficient tissue had characteristics similar to the 251 study patients except for thickness; the proportions of patients with thin melanomas were 66% and 43% in the two groups, respectively (data not shown).
LI is common in primary melanomas and is associated with poor prognostic factors.
Research. Figure 1 ). Of note, LI was common in the thin VGP tumors: 32% had LI.
LI is an independent prognostic marker for metastasis
The ten-year metastasis rate was 27.8% (95% CI = 20.8% -37.1%) based on the KM curves ( Figure 2 ). The events in the first ten years included 90% of all known metastases (n=80). Of those who had a first metastasis within ten years of treatment (n=72), 65.2% had LI (95% CI = 54.3% -76.3%); of those without a ten-year metastasis (n=179), only 34.0% had LI (95% CI = 27.2% -41.0%). More than half (n=43, 59.7%) of the 72 first metastatic events that occurred within ten years involved the regional skin (n=8, 11%) or lymph nodes (n=35, 48.6%).
LI was significantly associated with ten-year metastasis (unadjusted OR=3.6, p<0.001).
In the reduced multivariate logistic regression analyses of ten-year metastasis that included four of the seven prognostic variables (Table 2) , LI was a significant independent prognostic factor (adjusted OR=2.2, p=0.026). The area under the ROC curve for the predicted probabilities from the reduced multivariable model was 0.86.
Among those patients with thin melanomas (n=125), LI was significantly associated with ten-year metastasis (unadjusted OR=4.3, chi-square test, p=0.027).
LI is a classifier for patients with VGP melanoma
A prognostic tree was developed to investigate heterogeneity in ten-year metastasis among patients in this study and to identify subgroups with very high or very low ten-year metastasis rates (Figure 3 ). LI (2 categories), thickness (4 categories), MR (3 categories) and site (2 categories) were used in the algorithm to develop the tree. The first variable and split selected by the algorithm to define the two groups most different in terms of ten-year metastasis was tumor thickness ≤1 mm versus >1mm. These thin lesions were next divided into two groups, melanomas wherein MR was <1 and those wherein MR was ≥ 1. Only 1 of the 125 thin melanomas was ulcerated and it had a MR ≥1. Consequently, the two groups defined by the algorithm were equivalent to stages IA (thin lesions with MR <1 and without ulceration) and thin IB lesions, respectively. For patients with thin IB melanomas the algorithm then selected LI to distinguish two groups with different metastasis rates; the ten-year metastasis rate for those with LI was 50% (n=12, 95% CI = 22% -78%) and it was 6-fold higher than the rate of 8.3% (n=24, 95% CI = 0% -19%) for those without LI. Of note in Figure 3 is that the ten-year metastasis rates are for patients with VGP melanomas and that these rates are higher than would be expected for a cohort of patients that also included those with invasive radial growth phase lesions without VGP (invasive radial growth phase is characterized by melanoma cells in the dermis that have a MR of zero and that form no dermal nests larger than the largest epidermal tumor nest; it is a step in tumor progression that has little or no capacity for metastasis) (16) .
To further examine the role of LI in VGP melanomas in prognostication we examined the KM distributions for time to first metastasis for groups defined by clinical AJCC stage ( Figure   4 ). The KM curves were not significantly different for those with and without LI in Stage IA (p=0.879). However, we observed significant differences between the KM curves for those with 
DISCUSSION
This study is the first to address the independent prognostic significance of LI (using a multivariate analysis) in a large cohort that has extensive patient and tumor information, as well as long-term follow up. Our feasibility study in a smaller cohort of 106 patients showed that LI was associated with worse prognosis in univariate analysis (8) . With the larger cohort of patients in this Phase II study that was designed to test the hypothesis that LI is an independent prognostic factor, we demonstrated that LI has a statistically significant adjusted OR of 2.2 for ten-year metastasis in a parsimonious model that included LI, thickness, MR, and anatomic site.
In addition, for the group of patients with thin melanomas, LI was also independently associated with ten-year metastasis with an unadjusted OR of 4.3. The analysis of stage-specific KM curves for time to first metastasis for those with and without LI further indicated that LI added prognostic information to AJCC staging, specifically for Stage IB and IIA melanomas. Further, the prognostic tree indicated that LI may be important in discriminating between high and low risk patients with Stage IB thin primaries.
In this study, LI was again seen to be common in VGP lesions, 43%. This rate was comparable to the rate of 33% that was observed in the independent cohort of patients included in our feasibility study (8) . In contrast, at the time of definitive therapy LI was evident in the original H&E (non-IHC) slides in only 4.6% of the 251 cases. A majority of studies of LI in the literature used only IHC markers for lymphatic vessels without staining the tumor cells. We found that it was difficult to determine the nature of cells inside lymphatic channels without doing double staining, because in these vessels macrophages and other hematopoietic cells may mimic melanoma cells and melanoma cells may have smaller nuclei and mimic normal hematopoietic cells. The concordance of standard dual-labeled IHC assessment appeared to be excellent. We analyzed a subset of 97 cases and there was only 1 disagreement between the two readers (Kappa=0.98, 95% CI = 0.91-1.00). The high inter-rater concordance was likely due to both dual labeling and characterizing LI in binary fashion (present or absent).
Standard dual-labeled IHC appeared to be sufficient to identify LI in most of the cases.
Brown DAB and nova red are chromogens commonly used for double IHC staining. We found that it was difficult to separate DAB from nova red in only about 5% of the cases, particularly when a single tumor cell is seen in a lymphatic channel. MSI analysis is useful to resolve this ambiguity. However, given the paucity of ambiguous cases, in future (Phase III) studies it is unlikely that MSI analysis with its special instrumentation and added expense will be considered necessary. Omitting MSI analysis will foster portability and generalizability of dual-labeled IHC assessment.
The present study extends the finding that LI is common in VGP primaries to demonstrate that it occurs in VGP lesions that are not advanced, at least as measured by tumor thickness: 32% of thin melanomas in our cohort had already developed LI. This is corroborated by a small prior study using double IHC staining that showed that LI was observed in 25% of
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Our previous studies have shown that MR is an important prognostic factor in thin lesions (18) and the new AJCC staging system now classifies thin melanomas with MR >1 as stage IB lesions. As well, LI is a biologically plausible (4) and potentially clinically useful prognostic factor. In the prognostic tree, LI stratified patients with stage IB thin melanomas into distinct groups with the LI-absent group having a ten-year disease-free rate of 92% and the LI-present group having a rate of 50%. While our sample sizes in these two groups were small, the chisquare test had moderate power to detect comparable differences; the expected power of a Fisher's Exact test (alpha=0.05) would be 83% for a study with these same sample sizes and hypothesized rates equal to the observed ten-year metastasis rates in the two groups.
Due to the recent development of antibodies specific for lymphatic endothelial cells and suited for use in fixed, archival tissue, we were able to investigate in an adequate clinical sample with long and rigorous follow-up the role of LI as a prognostic biomarker. Despite their apparent robustness, our findings do not directly translate to clinical utility. They are limited by our Phase II design (a retrospective case-control study) and by the use of patients' tissue samples and data from an era that predates the wide use of SLN biopsies for staging clinically uninvolved regional nodes. Nevertheless, biomarker development needs to proceed through this intermediate phase, the strength of which depends importantly on well-annotated specimens and adequate (in time and quality) patient follow-up. As well, the portability and generalizability of our techniques might be questioned. Double IHC staining is required to identify LI. Although this is not technically difficult and has been adopted by many clinical pathology laboratories, the method is not used universally in clinical practice. Despite these limitations, this study makes a compelling case for proceeding to study LI prospectively in a contemporary cohort, validating it as an independent prognostic factor in the SLN biopsy era. Also of importance will be studies that investigate whether LI is a factor that, together with other risk factors, allows for better discrimination between patients who are and are not candidates for SLN biopsy, with particular attention to patients with melanomas classified as Stage IB.
